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SECTION 1

INTRODUCTION

11  Objectiveand Scope

The purpose of the Structural Design Criteriafor Devils Slide Tunnel —Initial
Support (Initial Support Criteria)isto providetechnical background
information, guidelines, and requirementsfor the structural analysisand design
of theinitial support for excavation of DevilsSlide Tunnel located on State
Route 1 south of the City of Pacificain the county of San Mateo, California.

12  Design Approach

Initial Support Criteria assume tunnel constructionwill utilizea double shell
lining system consisting of both initial support and final lining separated by a
waterproofing and drainagesystem. The initial support includessteel fiber
reinforced shotcrete and depending on in-situ ground conditions, can also
include latticegirders, rock dowels, and other ground stabilizing techniques.
Thefina lining will be constructed of cast-in-place reinforced concrete after
the initial support and waterproofing have been placed. Initial Support
Criteria are applicableto design of theinitial support only. It will be assumed
that the initial support deterioratesover time and all loads are transferredto
and supported by thefinal lining.

Initial Support Criteria are based on the principlesof the New Austrian
Tunneling Method (NATM) assuming that the initial support elementsact asa
ring-like support structure.

1.3  Limitsof Applicability
Initial Support Criteriafor theinitial support appliesto the analysisand design

of mined tunnels between cut-and-cover portal's, cross passagesconnecting
tunnels, and mined equipment chambers.

1-1
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SECTION 2

CODESAND STANDARDS

21 Codes

The initia support is considered a temporary structure. Existing design codes
such asthe CaliforniaDepartment of Transportation (Caltrans) Bridge Design
Specifications (BDS), are therefore not applicable. Design of theinitial
support will thereforebe governed by thesecriteriaas well asreferenced
standards when appropriate.

22 Standards

The provisionsof thelnitial Support Criteria shall govern the design.
Provisionsin the following documents shall also be consideredas guidelines
when sufficient criteriaare not provided by the Initial Support Criteria.

(1) ASCE Technical Committee on Tunnel Lining Design: " Guidelines
for Tunnel Lining Design™, edited by T. O’Rourke, 1984

(2) ITA Working Group on General Approachesto the Design of
Tunnels: " Guidelinesfor the Design of Tunnels”, Tunnelingand
Underground Space Technology, Vol. 3, No 3, 1988

(3) ICE Design and Practice Guides. "' Sprayed ConcreteLinings
(NATM)for Tunnelsin Soft Ground, edited by Institution of Civil
Engineers, 1996

(4) ACI, Building Code Requirementsfor Structural Concrete (ACI 318-
02) and Commentary (ACI 318R-02), American Concrete|nstitute,
Farmington Hills, Michigan, 2002

2-1
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SECTION 3

STRUCTURAL MATERIALS

31 Shotcrete

Normal weight shotcreteshall be used and have the propertiesshown below.
All shotcreteshall be steel fiber reinforced. When performing analysis, the

modulus of elasticity of shotcreteshall be adjusted as shown in the table below
which considersthe age and characteristicsof the shotcrete and the behavior of

John M., Mattle B. (2003),
Shotcrete  Lining  Design:
Factors of Influence, RETC
2003 Proceedings, 726-734.

supportedrock.
ShotcreteLining: f’e=28.0MPa (4000 ps)
Poisson's rtio: v=02
Modulusof Elasticity
Rock Mass Behavior
Shotcrete Age/Strength Slow Stress Fast Stress
Redistribution Redistribution
(Ductile (BrittleBehavior)
Behavior)

Applied immediately after

excavation 4000~ 6000MPa | 4500 - 7000 MPa
[1-day-strength< 10 MPa (580- 870ks) | (650-1015 ksi)
(1500 psi)]

Shotcrete obtaining design
strength [f*, = 28.0 MPa (4000
psi)] prior to the next
excavation

15,000 MPa
(2175 ks))

15,000 MPa
(2175 ks)

32 Reanforcement

All reinforcement shall be ASTM A706 (A706M), grade 60, with the
following specified properties:

Modulusof easticity: E, = 200,000 MPa
Specified minimumyieldstress: £, =410 MPa

(29,000 ksi)
(60 ks)

3-1
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33 Rok Dowds

Rock dowels may be used to stabilize key blocks or to strengthenthe rock
massand to provide supplement initial support of theinitial lining. An elastic-
perfectly plastic materiad model may be used in finite-element models where
rock dowelsare assumed to yield after reaching a prescribed yield strength.

34 Sed Arches

Steel arches (latticegirders), used asimmediate support to protect minersand
to definethe profile, may be consideredas reinforcementin the shotcretelining
if their spacing does not exceed 460 mm (18 inches).

35 Forepoling

351 Sed Spiles

Steel spiles may be used for forepoling to prevent breakoutsat the tunnel face
after excavation prior to the application of other support measures. The
following typesof spiles may be used:

e Drill and grout spiles
e Self-drilland grout spiles

Thefollowing materia propertiesshall apply:

Minimum Yield Stress: Jy =241 MPa (35ksi)
Modulusof dasticity: Es= 200,000 MPa (29,000 ksi)

352 Sted Pipes

When steel spilesare not adequate, steel pipes may be used as an umbrellaor
canopy for forepoling.

The following materia propertiesshall apply:

Minimum Yield Stress: fy =241 MPa (35ksi)
Modulasdf elaticity: Es= 200,000 MPa (29,000 ksi)

3-2
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SECTION4

DESIGN LOADSAND LOAD FACTORS

41 DesgnLoads
411 Structural Dead L oads

Structural dead loads of theinitial support can beignored since shotcrete, rock
dowels, stedl arches, etc. form a compositestructure with the surrounding rock
mass.

412 LivelLoads

Live loadson theinitial support need not be considered.

4.1.3 Rock Loadingon Initial Support

All rock loading on theinitial support shall be determined through analysisas
specifiedin Section 5.1 of thesecriteria

414 Determinationof Rock Loading Applied to Final
Lining
Rock loading to be applied to thefinal lining will be determined by analysis
methods describedin I nitial Support Criteria Section5.1. When rock loading
consistsof loading from discreterock blocks, the rock load shall be determined
by consideringthe geometry of the rock block which isformed by
discontinuitiesin the rock mass, assuming long-term deterioration of rock
dowelshas occurred. Rock loads devel oped through stress distributionwithin

the rock mass after deterioration of the initial support shall be determined
through finite element analysis.

415 HydrogaticPressure
No hydrostatic pressureshall be applied to theinitial support. Water pressure

will be released through the working faces of the excavationand through
perforationsin theinitial lining.

416 SasmiclLoads

Theinitia supportis considered atemporary structureand no seismicloading
isthereforerequired. The seismic performance of theinitial support should be
adequatefor minor seismicevents.

417 Thermal Forces

No thermal loading on the initial support isrequired.

41
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42 Load Factors

421 Load FactorsAppliedtolnitial Support

The following load factors, capacity reduction factors, or safety factorsshall be
applied to analysisresultswhen designing the initial support:

Rock Dowelsto Support Key Block Loading:

The product of the capacity reductionfactors shown below shall be applied to
the rock dowel capacity. Noload factorsshall be applied to the key block
loading obtained through analysis.

our=0.79 Type of loading reductionfactor
om=0.87 Material reduction factor

op=SeeTable Fied installationreductionfactor

Number of Rock
Dowels per Key Block i
1 0.50
2 0.67
3 0.75
4 0.8
5 0.8
>6 0.9

Rock Dowelsused to Supplement Initial Support:

Tensileloads on rock dowel sobtained through finite element analysisshall not
befactored. A factor of safety of 1.6 shall be applied to the yield strength of
the rock dowelswhen determining the size and number of rock dowels
required to resist loading indicated by analysis.

Rock Dowels used to Provide Face Stability:

A factor of safety of 1.6 shall be applied to the yield strength of rock dowels
when rock dowelsare required to assist with the face stability of the excavation
heading as determined in three-dimensional face stability cal culations.

Shotcretenitial Lining:

The nominal moment capacity of theinitia lining shall be determinedin
accordancewith ACI 318-02 considering both the axial load and bending
moment on the lining. All loading determined through analysisshall be
multiplied by aload factor of 1.4 when determiningdesign sectionforces. A
capacity reduction factor of 0.70 shall be applied when determiningthe
capacity of the lining section.

42

See Commentary for Section
431
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422 Load FactorsApplied toFinal Lining

In recognition of the conservativeassumption of thefull deteriorationof the
initial support requiringthefinal lining to support al loading, rock loading on
thefinal lining shall be considered upper bound and load factorsshall not be
applied to these rock loadings.

43
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SECTIONS
ANALYSISASSUMPTIONS
51 AnaysssMehods
511 Genead
Anayses methodsfor theinitial support shall consider the following modes of
failure of the rock massand correspondinganalysisprocedures:
e  Failureof discreterock blocksshall be analyzed through **wedge'
analysis.
e  Failureof therock massthrough either stress or discontinuityinduced
fracturing, progressivefailuresinduced by high stresses, or stress
induced failures originatingahead of the tunnel face, shall be analyzed
by the finite element method.
e  Falureof thetunnel face through slopeinstability shall be analyzed by
three-dimensional wedge stability anaysis.
512 WaedgeAnalyss
The computer program UNWEDGE shall be used to determinekey block UNWEDGE V2.37 or higher

loading and to select the number and length of rock dowelsrequired to
stabilizationthe key block. Key block sizeswill be defined according to the
geometry of discontinuitiesand persistency of joints.

5.1.3 FiniteElement Method

Thefinite element method shall be used to assessthe state of stressand
deformationin theinitial support reinforced excavation. The analysisshall
consider the constructionsequence used to excavate the tunnel and install the
initial support. Beam-continuum modelsshall be used with the rock mass
represented with continuum finite elementsand theinitial lining represented
with beam elements. Interface elementsshall be used between rock continuum
and lining elements.  Soil continuum elementsmay be represented by a elastic-
plastic Mohr-Coulombmaterial models, or other appropriate material modelsas
required by site specific conditions. Either linear-elasticor elastic-perfectly
plastic material modelsmay be used for the beam elementsrepresenting the
initial lining. Appropriatereductionsto the modulus of elasticity of theinitial
lining beam elementsshall be applied as specified in Initial Support Criteria
Section 3.1. If rock dowelsare used as part of theinitial support, they shall be
represented in the model by tension-only trusselements. Either alinear-elastic
or elastic-perfectly plastic material model may be used for rock dowel truss
elements.

Either two or three-dimensional finite element modelsmay be used. Since
three-dimensional arching of the rock masswill occur asthe excavation
advances, appropriate adjustments should be made to two-dimensional models
to capture three-dimensional effects.

51

by RocScience, Inc. 31
Balsam Avenue, Toronto,
Canada M43 3B5

Kielbassaand Duddeck
(1991), "' Stress-Strain Fields
a the Tunneling Face -
Three-dimensional Analysis
for Two-dimensiona
Technical Approach™, Rock
Mechanicsand Rock
Engineering, Springer Verlag.

SchikoraK., Fink T. (1982).
Caluculationmethods
commonly used in subway
mining. Civil Engineer
(German),57, 193-198
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52

Face Stability for Jointed Rock

During excavation of the tunnel, wedges may slidefrom the face of the
excavation into the tunnel opening where jointsact assliding planes. This
failure mode shal beinvestigated by using a three-dimensional calculation
model. The excavated section can be assumed as a rectangle with the height of
excavation (H) and an equivalent width (W). Theforces that act on the wedge
are separated into driving forcesthat producefailure and resisting forces that
providestability.

Thefollowing assumptionsare used to determineface stability. See*Figure
Showing Face Stahility Geometry* for adefinitionof parameters.

Drivingforces result from the self-weight of the sliding wedgeand any
additional load acting on the wedge. The additional load isderived
from maximum block sizes according to wedge analysiswhen
applicableor from thesilo theory if the excavationisin loose ground.

Resisting forces are provided by friction and cohesion on both the
dliding plane and the side planes. Thefrictional forceson the side
planesof the wedge are cal culated using the weight of the wedge
multiplied by the horizontal pressure coefficient.

The resisting force shall be a least 1.4 times greater than the driving
force. If required, rock dowels shall be added at the face of the
excavation to increasetheresisting force.
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A4
Where:
L, = Unsupported length ¢ = Slope of tunnel face
L., = Length of wedge B = Slope of dlide plane
H = Height of excavation ¢ = Rock cohesion

W = Equivaent excavation width ¢ = Rock angle of internal friction
P = Loadingfromlooseground k.= Horizontal to vertical stressratio
D = Dead load of wedge

Figure Showing Face Stability Geometry

5-3
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53 Forepaling

When forepolingis required to stabilize the heading of the tunnel excavation, it
shall be assumed that the forepoling does not form a closed ring around the
tunnel to carry ground load similar to theinitial lining, but actsas alongitudinal
beam when providing excavationsupport. One end of the forepoling can be
assumed to be supported by the shotcretelining, while the other end is
supported by the ground ahead of the excavation face. Forepoling shall be
designed as beams, with a assumed span of 1.5 timesthe unsupported length
with fixity assumptionsprovided in the figure below. The load p; acting on
forepoling shall be arrived at by considering site-specificrock properties
applied to appropriatereferences.

Load pl

ARARR AR |

N

A . s = 1.5.unsupp. length fB

Moment Distribution

7

P 4

Figure Showing Structural Modd of Forepoling

IMahtab, M. A. and Grasso, P.
*Geomechanical Principlesin
the Design of Tunnelsand
(Cavernsin Rock™, Elsevier,
1992, Figure2.11.

John, M. and Mattle, B.
(2003), Design d Tube
Umbrellas, Tunnel 11,
ROCNIK, &. 3/2002, 2-9.
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SECTION 6

COMMENTARY

431 Rock Loadingon Initial Support

Rock dowelsused to provide support for key blockscan beloaded by tensile and shear forces. For in situ
conditions, it isdifficult to determinethe actual tensile and shear forces on the rock dowels. Therefore, itis
assumed that rock dowels are loaded 50% in tension and 50% in shear. A capacity reductionfactor of 0.58 is
applied to the rock dowel shear capacity accordingto the Mise's hypothesisgiven by:

Gy

’C=3—1/?= 0.58 ¢,

Where: ¢, =tensilestrength
1 =shear strength

No reduction factor is applied for tensile capacity of the rock dowels. Thisresultsin acombined reduction
factor of @7 =0.79. Note: (0.58x 0.5) +0.5=0.79
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SECTION1

INTRODUCTION

11  Objectiveand Scope

The purpose of the Sructural Design Criteria for Devils Side Tunnel
(Criteria)isto provide technical background information, guidelines, and
requirementsfor the structural analysis and design of the tunnel final lining and
cut-and-cover portals of Devils Slide Tunnel located on State Route 1 south of
the City of Pacificain the county of San Mateo, California.

12  Design Approach

The Load Factor Design (LFD) Method will be used for design of all concrete
and steel structural members. Rock loads will not befactored as they will be
assumed to represent upper bound limits and will be verified by geotechnical
observation during tunnel construction. Design considers ultimate limit state
for strength as well as serviceability checks for deflections and concrete
cracking widths.

Criteria assumes tunnel construction will utilize a double shell lining system
consisting of both initial support and final lining separated by a waterproofing
and drainage system. Theinitia support includes steel fiber reinforced
concrete and depending on in-situ ground conditions, can also include lattice
girders, rock dowels, and other ground stabilizing techniques. Thefinal lining
will be constructed of cast-in-place reinforced concrete after the initial support
and waterproofing have been placed. Criteriaisapplicable to the design of the
final lining only. It will be assumed that the initial support deteriorates over
time and all loads are transferred to and supported by the final lining.

1.3  Limitsof Applicability

Criteria appliesto the analysis and design of the main tunnel portal to portal,
Cross passages between tunnels, underground equipment rooms, and cut-and-
cover portals. Criteria does not apply to the following components of the
project:

° Approach structures or appurtenant structures not attached to the
tunnel such as the Operations and Maintenance Building.
° Equipment and utilities supports or the mounting of equipment and

utilities supportsto the tunnel final lining.
o Stabilization of rock slopes above tunnels.

1-1
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SECTION 2

CODESAND STANDARDS

21 Codes

The design of thetunnel shall conform to the California Department of
Transportation (Caltrans) Bridge Design Specifications (BDS), except as
modified or augmented by the Criteria.

22 Standards

The provisionsaf the Criteria and CaltransBDS shall govern the design.
Provisonsin thefollowing documents shall aso be considered as guidelines
when sufficient criteriaare not provided by either BDS or Criteria.

(1) 2002 Interim AASHTO, LRFD Bridge Design Specifications, 2nd
edition — 1998, American Associationsof State Highway and
Transportation Officials, Washington, DC, 2002

(2) ACl, Building Code Requirementsfor Structural Concrete (ACI 318-
02) and Commentary (ACl 318R-02), American Concrete I nstitute,
Farmington Hills, Michigan, 2002

(3) Caltrans, Bridge Memo To Designers, CaliforniaDepartment of
Transportation, Sacramento, California, 1998

(4) Cdtrans, Bridge Design Aids Manual, CaliforniaDepartment of
Transportation, Sacramento, California, 1995

(5) Cdtrans, Seismic Design Criteria, Version 1.2, CaliforniaDepartment
of Transportation, Sacramento, California, 2001

(6) AWS, BridgeWelding Code, ANSUAASHTO/AWS D1.5-95,
American Welding Society, Miami Florida, 1995

21
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SECTION 3

STRUCTURAL MATERIALS

31 Structura Sed

Structural steelsshall conform to AASHTOdesignation M 270M, Grade 250,
345, 485W, or 690 (M270, Grade 36, 50, 70W, or 100) (ASTM designation
A709). Themateria propertiesshall be asspecified in Article6.4.1 of the
AASHTO-LRFD Specifications.

Weldsshall conform to specificationsin the Bridge Welding Code
ANSI/AASHTO/AWS D1.5-95.

High strength boltsshall conformto AASHTOM 164M (M164) (ASTM
A325). Their minimum tensile strength shall be asspecifiedin Article6.4.3 of
AASHTO-LFRD. All new boltsshall begalvanized. AASHTOM 253M
(M253) (ASTM A490) boltsand Direct Tension Indicatorsare not permitted.

3.2 Structural Concrete
3.2.1 Concree

Normal weight concrete shal be used and have the properties shown below.
The capacity of concrete componentsto resist all seismic effects, except for
shear, shall be based on most probable (expected) material propertiesto
providea more realistic estimatefor design strength and sei smic response.

Final Lining: f’.=28.0MPa (4000 psi)
w, = 23.6 kN/m’ (150 pcf)
[May beincreased to 34.5 MPa (5000 psi) if
warranted by design|

Portal: f’.=28.0 MPa (4000 psi)
w, = 23.6 kNIm® (150 pef)
[May beincreased to 34.5MPa (5000 psi) if
warranted by design]

Modulasof dagticity:  E.=w."0.043Vf’.c MPa (we'733f e, psi)

Shear Modulas G, = Ec/(2x(1+v.))

Poisson's ratio: v=0.2

Modulasof rupture: £,=063Vf ., MPa (7.54f ’., psi)

Where: f ’c = 28 day compression strength

w, = density of concrete
Seismic Design Parameters:

Expected concrete compressive
| strength: fe=13xf.=36.4 MPa (5200 psi)

Seismic Design Criteria,
Section 3.2

See Commentary for Section
321
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Unconfined Concrete
compresson strain at maximum
compressivestress. €, = 0.002

Ultimate unconfined compression
(spdling) strain: £, =0.005

When sufficient tiesare provided to effectively confine the concrete section,
the confined concrete ultimate strength, strain at ultimate concrete strength,
and ultimate concrete strength shal be determined by a condtitutivestress
strain model for confined concrete.

322 Reanforcement

All reinforcementshall use ASTM A706 (A706M), grade 60, with the
following specified properties.

Modulasdf eadticity: Es= 200,000 MPa (29,000ks)
Specified minimum yield stress. f,=410MPa (60ksi)
Nomind yield strain: g, =0.0021

Seismic Design Parameters:

Expected yidld stress. Jfre= 470MPa (68ks)
Specified minimum tensilestress.  f,=550MPa (80ksi)
Expected tendle strength: fu=655MPa (95 ksi)
Specified maximum yield Stress.  fymax = 550 MPa (80ksi)
Expected yidd strain: €, =0.0023

Strain hardening strain g, 0.0150 #25 (#8) barsand smdller

0.0125#29 (#9) bars

0.0115 #32 (#10) and #36 (#11) bars
0.0075 #43 (#14) bars

0.0050 #57 (#18) bars

Ultimate tensilestrain, €g,: 0.120 #32 (#10) barsand smaller
0.090 #36 (#11) bars and larger

Mander . d. Journa of
Structura Engineering,
American Society o Civil
Engineers, 1988, pg 1804-
1849.
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SECTION4

DES GN LOADSAND GROUP LOADING

41  Structural Dead Loads

Structural dead loads of structural and non-structural elementsshall be based
on unit weightsand computed volume of the materials. Thefollowing unit
weightsshall be used:

Unreinforced Concrete 2400 kg/m® (150 pcf)
Reinforced Concrete 2400 kg/m® (150 pef)
Structural Steel 7850 kg/m® (490 pcf)
Timber 960 kg/m’ (60 pcf)
Water 1000 kg/m® (62.4 pcf)
Saturated Earth Backfill 2240 kg/m® (140 pef)
Bituminous Substances 2080 kg/m® (130 pcf)
Equipment

Jet Fan: 1361 kg (30001bs)

VariableMessageSigns: 395 kg (8701bs)

Camera Assembly: 26 kg (581bs)

42 LivelLoads

Design liveload shall consist of any non-permanent load placed on or in the
tunnel. Where vehiclescan gain access abovethe tunnel and the depth of fill
over the crown of the tunnel is3-m (10-ft) or less, the tunnel shall be design
for HS20-44 |oading. HS20-44 |oading shall also be applied to the tunnel
invert. Liveload distributionshall be in accordance with BDS. Other live
loading to consider include thefollowing:

LiveLoad Above Tunnel When Cover
IsLessThan or Equal To 3-m (10-ft)

(Not to be combined with HS20-44 | oading): 9.6 KPa (200psf)
Walkways: 4.8 KPa (100 psf)
Mechanical Systems (crown area only) 0.2KPa (5 psf)

43  Wind Loads
Winds|oads need not be applied to the tunnel.

44 Rock and Earth PressurelL oads

It isassumed that the tunnel'sinitial lining deteriorates under long term
conditionsand all geostatic pressureis carried by thefinal lining only. Rock
loadsfor the tunnel's final lining and earth pressuresfor the cut-and-cover
tunnels are provided in thefollowing reports:

BDS, Section 6.4
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Report Date Title

ad_30_rev1_final | 7-02-2004 | Initial Support Calculations and
Determination of Rock Loads Part 1 —
South Block Entrance Section

ad_31_rev2_final | 7-14-2004 | Initial Support Calculations and
Determination of Rock Loads Part 2 —
Fault A Sections

ad_32_rev2_final | 7-07-2004 | Initial Support Calculations and
Determination of Rock Loads Part 3 -
Fault B Sections

ad_33_rev2[1] 8-13-2004 | Initial Support Calculations and
Determination of Rock Loads Part 4 —
South Block Sections

ad_35_revi-1[1] | 8-12-2004 | Initial Support Calculations and

& Determination of Rock Loads — Central

ad_35_revi-2[1] Block Sections

ad_36_rev0-1 8-23-2004 | Initial Support Calculations and

& Determination of Rock Loads — North

ad_36_rev0-2 Block — Part 1

ad_39_rev0 8-27-2004 Initial Support Calculations and
Determination of Rock Loads — North
Block — Part 2

ad_40_rev0 9-14-2004 Initial Support Calculations and
Determination of Rock Loads — Cross
Passages for Pedestrians

ad_41_rev0 9-17-2004 | Determination of Rock Loads for Junctions
of South and Central Equipment Chamber

ad_027 & 034 9-23-2004 | Geotechnical Design Report

45  HydrogaticPressure

A waterproofingand drainage system will be provided between theinitia
support and final lining. Therefore, no hydrostatic pressurewill be applied to
thefinal lining. The waterproofing and drainagesystem shall be designto
prevent the development of hydrostatic pressuresthroughout the life of the
structure.

46  SasmiclLoads
See Section 8 for seismicloading.
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47  Thermal Forcesand ConcreteShrinkage
471 Gened

Thermal forcesand concrete shrinkageshall be considered in thefinal lining
only. Asaconsequenceof thermal variationsand drying shrinkage, thefina
lining will experiencestrainsand stresses due to expansion and contraction. A
constant change in the lining temperature will cause changesin member length
along the circumferential length of thelining. A changein temperature
through the thicknessof the find lining from therma gradientscan cause
flexural stressesin the lining. Concrete shrinkagestrains will be assumed to
be constant acrossthe entire cross section.

472 Themal Forces

Thefinal lining shall be designed for thermal forces. Cut-and-cover portals
need not be designed for thermal forces.

Temperature changesshall be in accordanceto Caltrans' BDS which mandates
ariseor fall of 17" C (30° F) for concrete structuresin amild costal area.
These temperature extremes shall be assumed applicableto portions of the
tunnel final lining adjacent to portals. Recognizingthat temperature variations
within the tunnel away from portalswill be more moderate, portionsof the
tunnel final lining at least 200 m (656.2 ft) from a portal face may be designed
for 213 of these temperatureextremes. The coefficient of thermal expansion
shall be assumed to equal 11E-06 mm/mm/°C (6.0E-06 in/in/°F).

In addition to thermal expansion and contraction, thefinal lining shall be
investigatedfor effects of thefollowing thermal gradient acrossthe thickness
of thelining:

Location Construction Summer Winter
Outer Surface 16" C (60°F) 16" C (60° F) 10'C (50°F)
Middle Surface | 16°C (60°F) | 21.5°C (70"F) | 7°C (45°F)
Inner Surface 16°C (60°F) | 27"'C (80°F) | 45"C (40"F)
473 Shrinkage

Caltrans BDS value of 0.0002 for shrinkageshall be used. The shrinkage
vaueisexpressed in termsof temperaturechange as

T =¢gglar =-18.2 °C (-33.3°F)
Where a, (coefficient of thermal expansion) = 11E-06 mm/mm/°C
{(6.0E-06 in/in/°F)

43

IBDS Section 3.16

48 Load

Combinations
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Load combinationsapplied to the tunnel liningand portalsshall comply with

thefollowing:

Group (N) = Y[BpD + BriaLL+1 + BE + BreTe + BsscS+Tc

+ PBeqEQ]
Group! Fact

actor D Lldl | E Te | S+Tc | EQ

| 1.3 1.0 1.67 Be 0 0 0

Va 1.3 1.0 1.0 Be 0 1.0 0

Vb 1.3 1.0 1.0 Be 1.0 0 0
Vil 1.0 1.0 0 Be 0 0 1.0

1 1

B = 0.77 maximum, 0.0 minimum for rock loads on final lining without EQ
Be = 1.0 maximum, 0.0 minimum for rock loads on final liningwith EQ

B. = 1.0 for cut-and-cover portals
'Groups Vaand Vb do not apply to cut-and-cover portals.

Where:

N = Group number

D = Deadload

LL+I = Liveload and impact force

E = Earth pressureand rock load

S$+T, = Shrinkageand thermal |oads (contraction)
T. = Therma load (expansion)

EQ = Earthquakeloading
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SECTIONS

ANALYS SASSUMPTIONS

51 AnalysesMethods

511 Genegad

Anaysis may be made with either beam-continuum or beam-spring models.
Linear-elagtic analysisis adequatefor static loading of the lining and portals
from self weight, geo-static, temperature, shrinkage, and live loads. Non-linear
analysisshall beincorporatedfor seismic analysisif thelining or portals
experiencessignificant non-linear response while responding to seismic
induced deformations. Ovalization of theliningand racking of cut-and-cover
portalsshall be considered. The compressibility of the waterproofingsystem
shall be accounted for.

512 Beam-SpringModes

Beam-spring modelsconsistsd representing the lining or portal by a series of
beam elements. Either linear-elastic or non-linear beam elementscan be used.
When using linear-el asticbeam elements, appropriate reductionsin element
stiffness due to concrete crackingshall be accounted for. The rock or soil
medium is represented by radial and tangential springs. Where a waterproofing
systemis used between theinitial support and final lining, tangential springs
can be ignored. Loads and or displacementsare predeterminedand applied
directly to the lining through the springs.

513 Beam-ContinuumM odéds

Beam-continuum models consist of representing surrounding rock and soil with
continuumfinite elements. These continuumfinite elementsare assumed to be
linear-eladtic. Either linear-elasticor non-linear beam elementscan be used to
represent the lining. When using linear-el astic beam elements, appropriate
reductionsin element stiffnessdue to concrete cracking shall be accounted for.
Interface elementsare required between continuum and lining elements. Where
awaterproofing systemis used between theinitial support and final lining,
tangential interfaceelementscan beignored.

52  Final Lining

Thefinal lining shall be analyzed for all self-weight and al other permanent
static loading as well astransient loading from seismic activity. Analysisof the
find lining shall be made under the assumption that the initial support does not
contribute any resistance to superimposed|oads and displacements. Theinitial
support may be considered as integral with surrounding rock and soil and not to
directly load thefinal lining, except as a portion of the permanent geostatic
loading. Either beam-spring models or the beam-continuum models may be
used to design thefinal lining.
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53 Cut-and-Cover Portals

Cut-and-cover portalsshall be analyzedfor all self-weight and al other
permanent static loading as well astransient loading from seismic activity.
Either beam-spring modelsor the beam-continuum models may be used to
design cut-and-cover portals.

54 FreeSanding Portals
Thissection omitted after Draft 3.

55  SdamicAnalyss
551 Psaudo-SaticTimeHigstory Analyss

Seismicanalysisof thefinal lining and cut-and-cover portalsshall be defined in
termsof induced displacementsoriginating from the interactionof shear waves
from the Maximum Credible Earthquake (M CE) with the tunnel. When
subjected to these seismic shear waves, the tunnel lining and cut-and-cover
portalswill conform to these induced distortionshby " ovaing' and "'racking".
During ovaling and racking, analysesshall make provisionsfor possible
separation of the structurefrom the ground through the use of gap elementsin
series with the radial springs used at beam-spring models or similar modeling
techniquesat interface elements of beam-continuum models. However, dueto
the shape of the tunnel section, separation may be assumed to occur only across
alimited portion of the lining. Under thisassumption, it can also be assumed
that dynamic response of thefinal lining and cut-and-cover portalswill not
occur when subjected to seismic displacements. Therefore, pseudo-static time
history analysis may be used. Pseudo-staticanalysisshall consist of stepping
the structure statically through displacement time history records.

552 Dynamic TimeHigory Analyss

When any portion of the tunnel can respond dynamically, dynamic time history
analysisshall beused. All analysesincorporating non-linear behavior when
required by Qiteria Section 8.3.3 shall be conducted using inelastic dynamic
time history procedures. Non-linear inelastic dynamic time history analyses
shall consider geometric nonlinearity (largedisplacements), non-linear
boundary conditions, and inelastic member behavior.

55.3 Modding Condderations

Two-dimensional modelsmay be used to assessthe behavior of the tunnel
lining cross-sectionto racking and ovaling distortionsimposed by the
surrounding rock.
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Where variationsin either tunnel construction or geological conditionsoccur
along thelength of the tunnel, three dimensional continuum modelsshall be
usad to capturethe response of the tunnel aong three orthogonal axis.
Examplesof variation along the length that would require athree-dimensional
analysisinclude thefollowing:

Transitionsat portals

Transitionsto differing tunnel cross sections

At intersectionsof cross passages

Changesin ground motion due to both wave propagationand rock
attenuationeffectsthat result in adversetunnel movement

e Change dueto differingground conditions

Appropriate boundary conditionsshall be used to capture the interaction
between the tunnel lining and surrounding rock. Non-linear springsshall be
used when appropriate.

5-3
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SECTIONG

CONCRETEDESIGN

6.1 Member Capacity
6.11 Flexural-Thrust Capacity

The nominal moment capacity M, shall be calculated by consideringthe
combined effectsof axial and flexural loading. Compressionaxial load may be
conservatively ignored when axial loads are 15% or less of the grossaxial load
capacity of the section under investigation. Grossaxial load capacity is
defined as the cross-sectionarea of the section multiplied by the concrete
compressivestrength,f ’.. Flexural and axial capacitiesshall be calculatedin
accordance with BDS.

6.1.2 Shear Capacity

The nominal shear capacity V,, to resist serviceloads, shall bein accordance
with BDS. At the tunnel final lining, the shear capacity provided by concrete
to resist service loads and seismic loads when the flexural Demand/Capacity
(D/C) ratiois 1.0 or less, shall bein accordance with BDSsection 8.16.6.2. At
cut-and-cover portals, the shear capacity provided by concrete to resist service
loadsand seismic loads when the flexural Demand/Capacity (D/C) ratio is 1.0
or less, shall bein accordance with BDS section 8.16.6.7. If shear
reinforcement is used, shear strength provided by the reinforcement shall be
determined in accordancewith BDS Section 8.16.6.3. If flexural seismic D/C
ratiosexceed 1.5, Seismic Design Criteriashall be used to determine V,,. If
flexural seismic D/C ratiosare larger than 1.0 but do not exceed 1.5, the
following equation may be used to cal culate the concrete shear capacity of both
thefinal lining and cut-and cover portals:

oV, = 02.24f bd
Where: ¢=0.85

6.2 Member Shear Demand

For dead load and geo-static loading, design shear forces shall be the actual
shear demands obtained from analysis. For Group VII seismic loading, shear
demandsshall be increased by an over-strength factor of 1.2 when the flexural
D/C ratiois 1.0 or less. When theflexural D/C ratiois between 1.0 and 1.5,
shear demands corresponding to flexural D/C ratio of 1.2 shall be used. When
plastic hinges are introduced into modelsdue to flexural D/C ratiosexceeding
1.5, resulting shear demandsshall be increased by an over-strength factor of
1.2

Seismic Design Criteria,
Section 3.6
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6.3
6.3.1 Corroson Protection

Desgn

Corrosion protection will be accommodated by providing the following
concrete cover over reinforcement:

Reinforcement & tunnel envelop 75mm (3in.)
Reinforcement at waterproofing 50 mm (2in.)
Crossties, both facesfinal lining and portals 62 mm (2.5in.)
Abutmentsand footings 75mm (3in.)

Curbsand railings 30® mm (1.18in.)

@yse pre-fabricated epoxy coated reinforcing bars (ECR).

6.3.2 Didgribution of Flexural Reinfor cement

Control of flexura crackingshall conformto BDSSection 8.16.8.4. A zfactor
of 22.8 kN/mm (130kips/inch) shall be complied with.

6.3.3 Minimum Reinforcement - Final Lining

Final Lining

Reinforcement for the final lining shall not be lessthan 0.003 timesthe gross
concreteareain both the longitudinal and transversedirection of the final
lining. Reinforcement shall be continuousor properly lapped spliced, and
distributed uniformly acrossthe lining section. Spacing of reinforcing bars
shall not exceed 150 mm (6in.). Reinforcingbar size shall preferably be
limited to a#19 (#6) bar or smaller.

Cut-and-cover Portals

At cut-and-cover portals, main flexural reinforcementshall not be less than the
lesser of 0.004 or 1.33 times the amount required by ultimatestrength design.
The minimumarea of longitudinal reinforcement shall be 0.002 times the gross
concreteareafor slabs and 0.0025 timesthe gross concreteareafor walls.
Minimum longitudinal reinforcement area need not exceed 16,732 mm?/m
(0.79in?/ft) placed at each face regardless of the thicknessof the wall or slab.

6.34 Minimum Thicknessof Tunnd Final Liningand
Portal Slabsand Walls

Toalow for proper concrete placement and consolidation, accommodatethe
crown slick linefor pumping concrete, the minimum liner thicknessshall not
be less than the following:

Two layersof reinforcement: 375 mm (15.7in.)

Wallsand slabs of cut-and-cover portalsand the tunnel final lining shall
contain two layersof reinforcement.

6-2

The South Portal and
appurtenant tunnel are within
305 m (1000 ft) of the ocean.
Discussionswith Caltransled
to the decision to proceed with
corrosion protectionfor a
"Marine Environment™ as
specifiedin BDS Table 8.22.1
for the entiretunnel, portal to
portal.

See Commentary for Section
6.3.2.

See Commentary for Section
6.3.4.
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SECTION 7

STEEL DESGN

71  Gened
[Will develop if needed]

7-1
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SECTIONS8

SEISMICDESIGN

81 PerformanceRequirements
811 Gened

Seismic design of the tunnel shall conformto CaltransBDS, augmented with
pertinent provisions of project specific criteriaasdetailed in Criteria. The
Seismic Hazard Study Geotechnical Report considered two separate seismic
levels, onelevel for the tunnel and a separatelevel for the design of slopes
above portals. In recognitionthat historically the seismic performance in the
vicinity of portalshas been inferior to that of the tunnel, a higher seismic level
was specified for slopes above portals. A maximum credible earthquake
(MCE) with areturn period of 1000 yearswas selected for rock slopes above
portalswhile aM CE with areturn period reduced to 500 years was specified
for design of the tunnel and portals. Since Criteriais only for the design of
structural componentsof the tunnel and portals, the 500 year MCE event will
be used exclusively for design for al structural componentsof the tunnel,
portal to portal.

812 PerformanceRequirements

Thetunnel shall remain serviceableand have only experienced’ Repairable
Damege" after the MCE seismic event. Serviceableisdefined as providing
immediate accessto emergency vehiclesand full accessto normal traffic
amost immediately.

" Repairable Damage” can be defined as alowing moderate inelastic response
of the lining and portalsto occur. Concrete cracking, reinforcement yield, and

spalling of cover concreteis expected at thislevel of inelastic response. The
extent of damage should be sufficiently limited to permit restoration of the
structureto essentially the pre-earthquakecondition without replacement of
any portion of the lining or portals. Damage must be repairablewithin 90 days
and by only requiring lane closuresoutside peak traffic periods.

8.2

Ground motions used in the puesdo-static and dynamic analysis of the tunnel
shall be taken from the Seismic Hazard Study Geotechnical Report. The
ground motion records shall consistsof three sets of 3-component ground
displacement time historiesthat are spectrum compatibleto the design seismic
event. These time historieswere derived from actual earthquake records
containing near field effects, frequently referred to asa ™' vel ocity pulse”.

When performing two-dimensional analyses, only those componentsof the
ground motionsthat are in the plane of the analysisshall be applied. For three-
dimensional analysis, all three componentsof ground motion shall be applied.

Definitionsof Ground Motions

8-1

If fexural section force
Demand/Capacity (D/C) ratios
do not exceed avaueof 1.5
when analysisand capacity
assessment is performed in
accordance with these criteria,
it can be assumed that
performancecriterion required
by Section 8.1.2 has been
achieved.

See Seismic Hazard Study
dated August, 2001 for a
further discussionon seismicity
at the project site.
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Faults having a major influence on the seismic design of the tunnel are the San
Andreas Fault east of thetunnel and the San Gregorio Fault west of the tunnel.
The San Andreas Fault islocated approximately 8 kilometersfrom the eastern
limit of the siteand iscapable of generatinga 8.0 moment magnitudeseismic
event. The San Gregorio Faultislocated 3 kilometers from the western limit
of the tunnel and iscapableof generatinga 7.5 moment magnitude seismic
event. Because of the closer proximity of the San Gregorio Fault, it was
determined that thisfault controlsthe M CE event.

The design ground motionswill be based on a deterministicapproach using a
medium attenuation relationship. However, location of the tunnel placesit in
close proximity to both the San Gregorio and San Andreas Fault which will
generate near-field effects. In recognitionthat directivity effectsare an
important near-fault consegquence, a probabilistic seismic hazard analysiswill
also be performed in order to guidethe degree of adjustmentsneeded to apply
directivity effectsin the M CE design ground motions.

83  Analyssfor Determinationof Demand

831 Genera

Demands on the tunnel lining and portal shall be determined by analysisof
local two and three-dimensional computer models. Analysiswill be performed
using finite element analysissoftware capable of evauatingthelinear and non-
linear behavior of the tunnel. The effects of rock/soil-interaction shall be
included.

8.3.2 Combining Serviceand Seismic L oad Demands

Effectsof serviceloads such as geostatic and dead |oad shall be combined with
seismicinduced displacement and loading effects. Bounding designsshall be
performed when it isfound that agreater demand is placed on the tunnel lining
and portal without the effects of a particular serviceload.

8.3.3 Saismic Demands- Final Lining And Cut-And-Cover
Portals

Seismic demands on thefinal lining and cut-and-cover portal shall be
determined by pseudo-gtatic time history analysis.  Boundary conditions
between the initial and final lining shall allow for the formation of gapsas well
asdliding when appropriate. Any reinforced concrete member found with
either tension or flexural forces exceeding the modulus of rupture combined
with any present axia thrust on the section shall be modeled with adjusted
section propertiesto represent the cracked section. Reinforced concrete
memberswith aflexural force Demand/Capacity (D/C) ratio greater than 1.5
shall be modeled with non-linear elements.
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84  Analyssfor Determination of Capacities

841 Gened

Capacitiesof structural componentsshall be determined by these criteriaand
materia strain limits. Final liningand cut-and-cover portal reinforced
concretememberswith aflexural force DIC ratio exceeding 1.5 shall comply
with the material strain limitsspecified in Sections8.4.2 and 8.4.3 of the
Criteria and the detailing requirementsof Section 8.4.4.

84.2 Allowable Concrete Strain Capacities

When significant nonlinear response of reinforced concrete membersis
expected, concrete strain shall be limited to 213 of the ultimatestrain as
determined by aconstitutivestress strain mode! for confined concrete and 213
of the spalling strain permittedfor unconfined concrete when confining
reinforcement is not provided.

84.3 Allowable Reinforcement Strain Values

When significant nonlinear responseof reinforced concrete membersis
expected, strainsin reinforcement shall belimitedto epg asshown in the table
below. The valuesgivenin thetable areto be used for evaluatingmoment-
curvaturerelationshipsfor the lining and portal structures.

Reinforcement Size €u €pg
#32 (#10) Bars and Smaller 012 0.08
Bars Larger Than #32 (#10) 0.08 0.05
Where: ¢, = Ultimatereinforcingsteel strain
g, = Allowablereinforcingsteel strain to meet Criteria
performancegoals

844 PlagicHingeLength

Reinforced concrete members with aflexural force DIC ratio exceeding 1.5
shall comply with thissection. Two layersof reinforcement shall be used.
Sufficient crosstiesshall be provided to comply with the requirementsof
Criteria Section 8.4.1, but not lessthan a #13 (#4) bar crosstiesspaced 150
mm (6in.) vertically and 300 mm (12 in.) horizontally. Analytical plastic
hinge length to determinethe spread of plastic curvatureshall be taken as
shown below. Crosstiesshall be placed through the analytical plastic hinge
length and extend the thicknessof the lining above and below the plastic hinge.

Analytical Plastic HingeLength,L, = H/2

| Where H = Thicknessof final lining or thicknessof slab or wall of
cut-and-cover portal

Mander et. al. Journal of
Structural Engineering,
American Society of Civil
Engineers, 1988, pg 1804-
1849.
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85  Sagmic Design Detailing Requirements

|] 851 Condruction Joints

All longitudinal reinforcement shall be continuous through construction joints.

8-4
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SECTIONO9

COMMENTARY

321 Concrete

Designsshould beinitially based on an assumed concretestrength of f /. = 28.0 MPa (4000 psi) and should only
be increased to a maximum of f ’; = 35.0 MPa (5000 psi) if advantagessuch asthe elimination of shear
reinforcementare possiblethrough the use of higher strength concrete.

6.3.2 Didribution of Flexural Reinforcement

When checking the flexural crack width of reinforced concretemembers, a"'Z" factor of 22.8 NImm (130
kipslinch) waschosen to limit crack width to approximately 0.3 mm (0.01 in.). Thiscriterionisconsistent with
standard practicefor many other tunnelsthat utilize a doubleshell lining system consisting of both initial
support and final lining separated by a waterproofing and drainagesystem. A *'Z" factor of 22.8 N/mm (130
kipglinch) isalso used in place of the 17.2 Newton/mm (98 kipslinch) specifiedin BDS Section 17.6.4.6 for
reinforced concrete cast-in-placeboxes. The higher value was judged acceptabledue to the use of a
waterproofing membrane at the exterior surface of both tunnelsand cut-and-cover portals.

6.34 Minimum Thicknessof Tunnd Final Liningand Portal Slabsand Walls

The use of two layersof reinforcementat the tunnel final lining was controversial. The design team
recommended the use of two layersfor the following reasons:

o Key block loading occursover much of the tunnel length and generally resulting in tensilestresses at the
outside (rock) face of thefinal lining. Reinforcing steel was added to resist these tensile stresses. For key
block loading to occur, the assumption specified in criteriasection 5.2 was enforced, which assumed that the
initial support deteriorated over time and that thefinal lining would be required to support al rock loadings,
including key block loading.

e Thereweresomeareas of the tunnel that produced unsymmetrical rock loadings. Thisunsymmetrical
loading necessitated two layersof reinforcement a these areas. Two layersof reinforcementwere also
required a al areasof discontinuity such asthejunctionsof the tunnel with cross passages.

e Fina lining distortionsfrom seismic ground displacementsfrequently caused tension stresses at the outside
lining face under some combinationsof lining self-weight and geostatic loading. The design team
determined that predictableas well as very good seismic performanceconsisting of essentially elastic
behavior could be obtained by adding reinforcement at the outside of the lining to resist these seismic
displacementinduced tensile stresses. Because of the close proximity to major seismicfaults, the design
team was al so concerned that sei smic ground motions would exacerbate key block loading. Since
considerationslisted in the first two bullet item required two layersof reinforcement over approximately
60% of the tunnel, using two layers throughout the tunnel would only result in nominal additional cost, but
will also provide the contractor with a uniform tunnel section throughout the tunnel.

Technical Advisory Panel members (TAP) were generally opposed to the use of two layersof reinforcement.
They took exceptionto the design criteriaassumption that the initial support would not be used to support long-
term loads. If rock dowels used as part of theinitial support were assumed to be permanent, then the key block
loading causing tensilestressesat the outside of thelining would never develop. This would therefore negate
one of the designteam's primary factorsin recommending two layers of reinforcement.

The design team did not make provisionsfor the long-term performance of the initial support. For example,
rock bolts would not be grouted to providefor long term corrosion protection. It wasthe design team's opinion
that thiswould be more costly than using amorerobust final lining to resist all rock loading. Proposalsto usea

91
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percentage of theinitial lining support to account for possiblelong term environmental degradation were
discussed, but the design team could not reach a consensus on a rational means of estimating this percentage.
The design team's final recommendation was to thereforeignore the long-tern contribution of theinitial support.

TAP memberswere also generaly opposed to proving asecond layer of reinforcement for any consequencesof
seismic distortions. Their opinion was that if therisk of collapsewas minimal and life-safety could be achieved
with onelayer of reinforcement, then any additional cost was not warranted.

Caltranseventually elected to adopt the design team's recommendation and use two layers of reinforcement.
However, Caltransstipulated that the decision was madefor the Devils Slide project only and that Caltrans
would need to make a similar decision on futuretunnelson a case-by-case basis. Caltransstated that the
deciding factor leading to their decision for DevilsSlide Tunnel wasthe close proximity of the tunnel to major
active seismic faults.

9-2
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